Abstract: Glass fiber (GF) and ultrasound-treated oil palm empty fruit bunch (EFB) were used to prepare recycled polypropylene (RPP)-based hybrid composites through the extrusion and injection molding technique. The ultrasound technique was used to remove the lignin and other surface impurities from the EFB fiber by varying the treatment conditions (treatment time and temperature). A fixed concentration (10%) of NaOH solution was used as the treatment medium. Fiber loading was considered as 40%, while EFB and GF ratio was maintained as 70:30. Two types of coupling agents of maleic anhydride grafted PP (MAPP), Polybond and Fusabond, were used, each of an amount 2.5% (of the total fiber content), to improve the interfacial adhesion between fibers and matrix. Composites were characterized through density, melt flow index (MFI), tensile, flexural and Izod impact testing. In addition, thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and scanning electron microscopy (SEM) were also performed to evaluate the thermal and morphological properties, respectively. X-ray diffraction (XRD) analysis was performed to evaluate the crystalline structure of the samples. Finally, water uptake (WU) measurement was performed for 180 days of soaking period. Result analyses revealed improved mechanical, thermal and crystalline properties, with reduced WU as the outcome of treatment and coupling agent effects.
Introduction
Composites prepared with both synthetic and natural fiber are favorable instead of using one of them alone in the polymer matrix. By doing so, strength of the composites is ensured on the one hand, while benefits of utilizing natural fibers can be achieved on the other. The common positive features of utilizing natural fibers include low cost, readily availability, annual renewability, biodegradability, low-density, etc. [1] [2] [3] . Moreover, consumption of high-cost synthetic fibers will be reduced while composites are incorporated with a substantial amount of natural fibers. The advantages of using natural fibers are motivational, but a few drawbacks are also noticed in previous articles, such as high moisture absorption, poor strength, attack through microbes and fungi and UV susceptibility. These shortcomings can be cured significantly by various means commonly reported earlier, such as utilizing of coupling agents and fiber surface treatments [4] [5] [6] . Among the coupling agents, maleic anhydride grafted PP (MAPP) is extensively used to improve the interfacial adhesion between fiber and matrix. Additionally, various treatment techniques for fiber surface such as alkylation, microwaves, ultrasound, enzyme, etc. are found to be fruitful in removing the lignin and other surface impurities from the fiber, resulting in improved properties of the composites prepared with them. Among the treatment techniques, ultrasound is considered as a green technique, which involves shock waves and collisions of bubbles in a liquid medium during ultrasound frequency. This may raise a huge energy to loosen the cellulose fibers which are tightly entangled by the lignin and expose more -OH groups of the fibers. The details of the process are reported elsewhere [5] . However, this technique was found to be fruitful and fibers treated by ultrasound showed better adhesion with the matrix.
Various types of synthetic fibers such as glass, aramid and carbon have been used for composite preparation [7] [8] [9] . Hybridization of these synthetic fibers with natural fibers showed improvement in the properties of polymerbased composites [10, 11] . However, the aim of this paper is to utilize the abundantly available oil palm empty fruit bunch (EFB) in the preparation of hybrid composites with glass fiber (GF) and recycled based PP. The investigation is also important to get the outcomes of the simultaneous effect of alkali and ultrasound on the fiber for the preparation of composites in the presence of two coupling agents, Polybond-3200 (PB) and Fusabond P613 (FB) of different MA levels. The combined effects of ultrasound and alkali to treat EFB fibers for the preparation of GF-based recycled PP (RPP) in the presence of two types of coupling agent has so far not been investigated.
Materials and methods

Materials
RPP with density = 0.91 g/cm 3 and melt flow index (MFI) = 5.58 g/10 min and GF with density = 2.56 g/cm 3 were purchased from a local company, Alva Suplayer Sdn Bhd, Kuantan, Malaysia. EFB was kindly supplied by Lepar Hilir Palm Oil, Pahang, Malaysia. Polybond-3200 with density = 0.91 g/cm 3 , MFI = 115 g/10 min and MA level = 1%, was purchased from Eastman Chemical Sdn Bhd, Pahang, Malaysia, and FB (commercial identification as Fusabond P 613) with density = 0.903 kg/m 3 and MFI = 120 g/10 min and MA level = 0.5% was from DuPont, USA. NaOH was purchased from Merck, Germany. PB and FB were used as coupling agents in this study without any modification.
Fiber processing and treatment through ultrasound
The EFB fibers were washed with normal water for 2 h to remove the mud and other surface impurities, and then soaked in a 1000 ml beaker with 10% NaOH solution. The beaker was then put in the ultrasound bath fixed with a desired temperature and time (Table 1) . After treatment, the fibers were washed with distilled water to remove the NaOH adhered to the surface of the fibers. Then, the fibers were dried in sunlight for 2 days. After that, the fibers were cut using a crusher machine (TST plastic crusher SC7514 series SCB 3140/14 Hp) and passed through a sieve to obtain a uniform size and length (2-4 mm). Then, the GFs were cut to 2-4 mm of length and heated at 450°C for 2 h in a high temperature muffle furnace to remove the sizing agents. 
Composite preparation
The shredded EFB fibers were dried at 80°C in an oven overnight and compounded with other ingredients by means of a co-rotating twin-screw extruder (Prism Eurolab 16, L/D = 25:1) followed by an injection molding machine (Nissei, model: PNX60) at 190°C. The fiber content was considered 40% (of the total blend) to prepare various types of test specimens. The composites prepared with various types of treated fibers are mentioned in Table 1 . The other three types of samples such as RPP (100% RPP), natural fiber composite (NFC) (40% untreated EFB+60% RPP+MAPP+FB) and hybrid composite (HC) (28% EFB+12% GF+40% RPP+MAPP+FB) were also prepared for comparison.
Characterization
Fourier transform infrared spectroscopy
A Fourier transform infrared (FTIR) spectroscope (Model: Scientific, USA) was used following the attenuated total reflectance method, with scanning ranges from 400 cm -1 to 4000 cm -1 . The structural modification or changes of treated fibers due to ultrasound treatment were observed and compared with the untreated fibers.
Density
A gas pycnometer (model: Micromeritics, AccuPyc II 1340) was used to determine the densities of the composites. The equipment was operated by inert helium gas. Five replicates of analysis were considered for each category of sample, and an average value was taken for data analysis.
MFI
The MFI of each sample was determined using a Dynisco melt flow indexer (LMI 4000 series) according to ASTM D1238 (heating temperature 230°C, applied load 2.16 kg). An average of three runs was taken for each sample.
Tensile test
The tensile tests were conducted according to ASTM D638-03: standard test method. The specimens were then tested using a Shimadzu (model: AG-1) Universal testing machine with a load cell of 5 kN, using a crosshead speed of 5 mm/min and with a gauge length of 50 mm. The test was performed until tensile failure occurred. Five specimens were tested for each batch and their average was taken for analysis.
Flexural test
The flexural test was conducted according to the ASTM D790-97 method by using the Universal testing machine (model: Shimadzu, AG-1) with a static load cell of 1 kN. The support was set at 20 mm, and the crosshead speed was fixed at 10 mm/min. Five specimens were tested, and the average value was taken for data analysis.
Izod impact test
The Izod impact test was performed according to ASTM D256 with the help of the Universal pendulum impact system (model: Ray-Ran, UK) at 3.5 m/s swing speed with a hammer of load 0.163 kg. A Ray-Ran motorized notching cutter was used to notch the specimen. The notch depth was fixed at 2 ± 0.02 mm with an angle of 45°. Five specimens were tested, and an average was taken for further analysis.
Thermogravimetric analysis
Thermogravimetric analysis (TGA) was carried out using a thermogravimetric analyzer model: TA instruments, TGA Q500. Each sample weighed nearly 5 mg and was heated in a temperature range of 25°C-600°C with a heating rate of 20°C/min. TGA analyses were conducted in a platinum crucible under nitrogen atmosphere at a flow rate of 40 ml/min to ensure inert atmosphere.
Differential scanning calorimetry
A TA instruments, Q-1000, was used to perform differential scanning calorimetry (DSC) of the samples in an aluminum pan with a heating rate of 10°C/min. The mass of the samples used in the analysis was in a range of 4 mg-5 mg. A heat/cool/heat method, which includes a heating, cooling and heating cycle, was applied in a temperature range of 25°C-220°C. The percentage of crystallinity (χ dsc ) was obtained using the following equation:
where ΔH is the heat of fusion of sample, ΔH m represents the heat of fusion for 100% crystalline PP and W is the mass fraction of the matrix.
X-ray diffraction
The crystalline property of the polymer matrix and the composites were measured by X-ray diffraction (XRD) analysis. For this purpose, a Rigaku Mini Flex II X-ray diffractometer, Japan, was used with tube current and operating voltage of 15 mA and 30 kV, respectively. The samples were scanned step-wise from 5° to 40° with scattering angle (2θ) by using Cu K α radiation of wavelength λ1.541 Å.
Scanning electron microscopy
A scanning electron microscope (SEM) (Model: Oxford and Zesis) was used to observe the surface images of the fracture samples. Air dried samples were fixed to a metalbase specimen holder using double-sided sticky carbon tape, and then coated with gold using a vacuum sputtercoater to make them conductive prior to SEM observation.
Water uptake
Tensile specimens were immersed in distilled water at ambient temperature (27°C) for 120 days. WU was measured after every periods of time by the weight-gain due to water absorption by the samples and recorded for analysis. The percentage of WU, WU (%) was calculated from the following equation:
where W i and W f are the initial and final weight of the sample before immersing in water and after taking out of water, respectively. Figure 1 represents the FTIR spectra of untreated and ultrasound-treated fibers. From the figure, it is seen that the intensity of the peaks is decreased in the case of treated fibers. The peaks observed in the range of 3200 cm -1 to 3600 cm -1 are due to OH functional groups. The peak at around 1689 cm -1 is probably due to the stretching vibration of unconjugated C = O groups of hemicellulose, which is sharp in the untreated fibers [12] . This may be due to ultrasound effects or modification to hemicellulose, which makes the OH groups of cellulose more exposed. The better exposure of hydroxyl groups may help the fibers to entangle with PP more strongly [1] . The decreased intensity at around 1260 cm -1 is due to COO stretching in lignin, which indicates the changes or modification of lignin as a result of treatment [13] .
Results and discussion
FTIR analysis
Density
The densities of the composites are presented in Table 2 . The densities were improved due to fiber incorporation and the values for the composites NFC, HC1, HC2, HC3, HC4 and HC5 were 1.04 g/cm , whereas ultrasound-treated fiber-based composites showed maximum values of 1.14 g/cm 3 . Thus, due to treatment, the fibers were more compactly incorporated in the composites because of enhanced interfacial bonding between fibers and matrix. By measuring the theoretical density and with the help of experimental density, it was possible to measure the void fraction of the samples and the degree of adhesion. The following equations were used to calculate the theoretical densities and void fractions of the composites [13] : , respectively. Thus, the calculated void fractions for NFC, HC1, HC2, HC3, HC4 and HC5 were 0.0370, 0.0446, 0.0357, 0.0089, 0, -0.0178 and 0.0178. From the data, it is clear that composite HC4 shows the highest compactness of materials than the others.
MFI
The MFIs of various composites are presented in Table 2 . The RPP showed an MFI of 5.58 g/10 min, and HFC, HC, HC1, HC2, HC3, HC4 and HC5 showed values of 2.32, 1.82, 1.67, 1.45, 1.08, 0.90 and 0.87, respectively. The decline of MFI indicates the treatment effect as well as the indication of enhanced interactions between fibers and matrix. Removal of lignin and other surface impurities were probably boosted, due to a higher treatment temperature and time. Although the interaction of the fibers and matrix was improved due to treatment, difficult process ability was also apparent.
Tensile properties
The tensile strength (TS) and tensile modulus (TM) of the composites are illustrated in Figure 2 . RPP had TS and TM of 25.4 MPa and 1072 MPa, respectively, and NFC had TS and TM of 28.3 MPa and 1312 MPa, respectively. Improvement on the properties was still evident due to hybridization with GF in the case of HC, and the values reached 31.1 MPa and 1395 MPa, accordingly. This may be due to the interaction between the fibers and matrix in the presence of MAPP and FB. However, ultrasound-alkali treatment found to be fruitful to boost up those values gradually with treatment temperature (Figure 2 
Flexural properties
The flexural strength (FS) and flexural modulus (FM) of the composites are shown in Figure 3 . The FS and FM of the polymer matrix were 14.3 MPa and 133 MPa, respectively; the corresponding values for natural fiber-based and hybrid composites were 23.5 MPa and 634 MPa and 27.9 MPa and 935 MPa, respectively. When compared, HC4 was better than HC5 in terms of flexural properties. HC4 had FS and FM of values 34.1 MPa and 1328 MPa, respectively, and HC5 had corresponding values of 32.5 MPa and 1252 MPa, respectively. Thus, treatment conditions such as treatment temperature = 90°C and treatment duration = 90 min were found to be optimum, with similar effects to those on tensile properties for the same composite. This is thought to be due to removal of lignin and other surface impurities from the treated fibers. After removal of lignin and other surface impurities, the cellulose fibers expose more OH groups, which further entangle with the polymer matrix, resulting in improved adhesion between fibers and matrix [1] . On the other hand, negative trend of values were observed for HC5 due to over treatment (90°C and 120 min). This may be due to extreme treatment effects which weaken the cellulose fibers.
Izod impact properties
The Izod impact strength (IS) of the composites is shown in Table 2 . The IS of the RPP was found to be 26 J/m 2 ; EFB loaded and hybrid composites had decreased IS values of 14.65 J/m 2 and 15.87 J/m 2 , respectively. In the case of treated fiber-based hybrid composites, the values 
Morphological properties
The surface morphologies of the fractured tensile samples of the composites are shown in Figure 4 . The surfaces of RPP, NFC and HC are shown in Figure 4A -C, respectively. Long length fiber pull-out and holes were probably the reason for weak interfacial adhesion between untreated fibers and matrix. By contrast, in Figure 4D (HC1), E (HC4) and F (HC5), relatively little fiber pull-out with short length fibers were evidenced. This may be due to treatment effects resulting in better interfacial adhesion between fibers and matrix [3] . Among HC1, HC4 and HC5, the fibers treated at 90°C for 90 min showed stronger adhesion compared to the others, which might be a reason for the highest mechanical properties noticed earlier in the discussion.
Thermal properties
The weight versus temperatures of the TGAs are represented in Figure 5 and the derivative weight versus temperatures are shown in Figure 6 . From Figure 5 it can be seen that the onset degradation started for RPP at around 426°C and degraded at one stage, whereas the composite degraded at two stages. Table 3 presents the thermal properties of the composites. The onset degradation temperature (270°C) of the first stage of NFC among the composites was lowest due to the presence of natural fibers alone as reinforcing agent, whereas the HC composite showed a slightly higher value of around 282°C. From Figure 6 , the peak temperatures at the first stage (T max1 ) and the second stage (T max2 ) of NFC, HC, HC4 and HC5 were 344°C, 352°C, 390°C and 368°C and 473°C, 413°C, 423°C and 422°C, respectively. Incorporation of natural fibers prolonged the degradation profile at the second stage at a relatively higher temperature (439°C) than the polymer matrix, but the first stage of degradation started earlier than RPP (355°C). A significant amount of residues remained after completion of the degradation. EFB fiber-based composites showed residue percentages about 15%, whereas HC, HC4 and HC5 composites showed values of 18%-24%. Thus, treatment of fibers enhanced the onset degradation of the composites at the first stage of degradation. This is thought to be due to the development of improved interfacial adhesion between treated fibers and polymer matrix, which was poor between untreated fibers and RPP. The DSC thermograms show the first heating and cooling cycles of the composites in Figures 7 and 8 , respectively. From Figure 7 , the melting points of PP-copolymer and isotactic PP were found to be 125°C and 161°C, respectively. Incorporation of fibers enhanced the melting points for both types of polymer by 1°C, whereas treatment of fibers increased the melting points by 2°C. From Figure 8 , the crystallization temperatures (denoted as T c1 for the first stage and T c2 for the second stage) for composites were also found to be changed by 1°C and 2°C, due to incorporation of fibers and due to treatment, respectively. The heating enthalpies of the samples are presented in Table 3 and using that and Eq. (1), the crystallinity percentages were calculated considering 209 J/g for 100% crystalline PP [14] . RPP showed a crystallinity of about 22.3%; NFC, HC, HC4 and HC5 showed crystallinities of about 22.6%, 25.5%, 26.6% and 26.2%, respectively. Incorporation of a nucleating agent improved the crystallization and melting temperature in previous reports [15] . The improvement in crystallinity is probably due to the action of EFB fibers as a nucleating agent, which is further enhanced due to the presence of GF fibers. The trend is found to be continued due to the treatment of fibers, although treatment parameters did not show significant effect on crystallinity.
The XRD profiles of RPP and composites are illustrated in Figure 9 . The diffraction pattern of RPP is found at the bottom of the plot, where a monoclinic alpha-phase with planes (110), (040), (130), (041) and (060) can be seen [16] . The other sharp peaks are probably due to the unknown filler materials in the recycled PP, which are avoided in this study. It is also noticeable from the figure that the alpha phase was not affected by fiber reinforcement or by treatment, but slight changes are observed at plane (040) and the intensity rose to a maximum for the treated fiber-based samples. The decreasing order of intensity was HC4 > HC5 > HC > NFC. Thus, the results reflected and complied with the order of crystallinity (Table 3) in addition to other mechanical and morphological properties mentioned above. Natural fiber has an amorphous part, due to the presence of lignin, pectin, wax and hemicellulose; thus, diffused curves were observed in the region ranging from 2θ = 22° to 26.5° and the same was observed at 2θ = 28.5°. However, treatment of fibers may be able to remove components particularly for the amorphous nature of the fiber, which was removed by the treatment for HC4 and HC5 [17] . Figure 10 represents the WU percentages of various composites at various durations of soaking period. The RPP absorbed the least amount (0.2%) of water throughout the period of 180 days, and NFC absorbed the highest amount (8.4%) of water during the same period. This may be due to the complete hydrophobic nature of RPP and hydrophilic characteristics of cellulosic natural fiber. Except for hydrophilicity and hydrophobicity, WU depends on a numbers of factors such as type of fiber, its loading and orientation, area of exposed surface, interfacial adhesion, void and surface protection [18] . There are three different mechanisms available in the literature describing the moisture penetration method into the composites. The penetration behaviors are classified regarding the relative mobilities of the penetrant and the polymer segments due to Fickian, non-Fickian or anomalous, and an intermediate behavior between Fickian and non-Fickian [19] . The hybrid composite absorbed 7.1% of water during this period. However, the treatment of fiber reduced the water absorption from 7.1% to 4.4% for the case of composite HC4 and to 4.7% for HC5 after 180 days of soaking period. It was found that WU reached it equilibrium condition quickly and after that, the curves were found to be almost flat, indicating the Fickian behavior of diffusion [19] . Water absorption reduced significantly due to the incorporation of hydrophobic GF, while optimum treatment conditions made the composite more compact and least void by improving the interfacial adhesion between fibers and matrix.
WU properties
Conclusion
Ultrasound-alkali treatment was used to treat oil palm EFB fibers in the preparation of GF and RPP-based hybrid composites in the presence of two types of coupling agents such as MAPP and FB. Fiber loading was considered as 40% of the total blends excluding the coupling agent content (2.5% each). However, ultrasound-alkali treatment was found to be fruitful in improving the mechanical properties of the composites; the optimum treatment conditions were found to be treatment temperature = 90°C and treatment time = 90 min. Thermal properties were found to be changed due to hybridization as well as treatment of fibers. Crystallinity was improved and water absorption was reduced due to treatment.
